ABSTRACT: The retention mechanism of a population of the estuarine copepod Eurytemora affinis (Poppe) was determined within a strongly tidal, mixed estuary. Sampling in the water column at sites along the estuary was carried out to assess any tidal, die1 and semilunar patterns of change. The species showed distinct tidal differences in abundance with horizontal position, being maximally abundant on the flood tide at the most seaward site and on the ebb tide at the landward site, suggesting differential tidal swimming, leading to accumulation at an intermediate point. Monitoring over a springs-neapssprings cycle suggested that the position of this point changed over the semi-lunar cycle, with greatest numbers on flood tides over springs and on ebb tides over neaps. This was confirmed by repeated sampling along the length of the estuary, a specific region was identified where very high numbers of E affinis occurred. T h~s horizontal posit~on changed between springs and neaps, apparently maintaining the bulk of the population within a specific salinity zone. Sampling throughout the water column showed these horizontal movements to be facilitated by tidal vertical migrations.
INTRODUCTION
The copepod Eurytemora affinis (Poppe) is a common and widespread, truly estuarine crustacean which is an ideal subject for the study of position maintenance behaviour in small planktonic estuarine organisms. The species has been found to consistently maintain populations within an environment of net seaward flow (Cronin et al. 1962 , Jeffries 1962 , Heinle & Flemer 1975 , Von Vaupel-Klein & Weber 1975 , Knatz 1978 , Collins & Williams 1981 , Soltanpour-Gorgari & Weltershaus 1985 , 1987 . It is found in varying abundances along estuaries, with high numbers in the low salinity zone (Roddie et al. 1984 , Soltanpour-Cargari & Wellershaus 1987 , Castel & Veiga 1990 and low numbers at salinities of 30%0 and above (for example Collins & Williams 1981) . A mechanism must therefore exist to prevent, or compensate for, catastrophic transport of animals seawards.
Several theories have been formulated to explain the maintenance of plankton populations in estuaries. Passive transport in water moving upstream has been proposed for some estuarine plankton species (Rogers 1940 , Bosch & Taylor 1973 , De Wolf 1973 , Seliger et al. 1982 , and more specifically for Eurytemora affinis (Castel & Viega 1990 ). Also Ketchum (1954) suggested the replacement of animals exported sea-O Inter-Research/Printed in Germany wards occurred as a result of a high reproductive potential in estuarine species. Barlow (1955) , however, calculated that an Acartia species could not be maintained in an estuary by reproduction alone and suggested instead that recruitment occurred from a deeper-water population removed from the seawardflowing upper layers. Moreover, there is certainly no published evidence that estuarine copepods have a greater reproductive potential than related marine species. Soltanpour-Gargari & Wellershaus (1987) , in explaining a landward distribution of E. affinis, proposed a similar mechanism to that suggested by Barlow (1955) , with the added proposal that larval release occurred predominantly on flood tides, leading to an upstream displacement of the population.
Retention strategies among planktonic species based on selective use of tidal transport have been suggested for Acartia longipatella (Wooldridge & Erasmus 1980) , larvae of the estuarine crab Rhithropanopeus harisii (Cronin 1982) and oyster larvae (Wood & Hargis 1971) . Other behavioural mechanisms proposed specifically for Euryternora affinis include an active anadromous migration against the prevailing water movement (Heckman 1986 ) and sinking of copepods, either actively or passively, out of the water column on encountering high salinities (De Pauw 1973 , Von Vaupel-Klein & Weber 1975 . This paper considers the horizontal position, tidal abundances and vertical distribution of Eurytemora affinis in a strongly tidal, mixed estuary on the west coast of Britain. Numbers of individuals and their position in the water column were determined at various states of the tide, together with variations in abundance associated with the season, semi-lunar cycle and position along the estuary. An attempt is also made to develop a testable hypothesis concerning the relative importance of upward-swimming behaviour and hydrographic processes in controlling the distribution and retention of E. affinis in such a n estuary, representing possibly the harshest type of environment for the retention of planktonic species so far studied.
MATERIALS AND METHODS

Study area.
Sampling was carried out in the Conwy Estuary, the largest estuary on the North Wales coast where tidal ranges in excess of 10 m amplitude are common. Physical conditions have been extensively studied in the estuary (Knight & West 1975 , Hunter & Lailey 1980 , Pelegri 1988 ) and the following physical description is based mainly on these accounts. Mean tidal amplitudes are 3.8 m on neaps and 6.0 m on springs, values significantly lower than those on the open coast due to a narrowing of the channel near to the mouth. Nevertheless, current speeds are considerable, with maximum velocities of 2.28 m s-' in the outer estuary, 1.48 m S-' in mid-estuary and 60 cm S-' in the upper estuary. These result in uni-directional flow on both flood and ebb tides, with sufficient mixing on both to prevent stratification. Despite the differences in velocity between spring and neap tides, with maximum current speeds in midestuary ranging from 1.48 m S-' on springs to 0.94 m S-' on neaps, there is mixing on both. Some stratification takes place in the lower estuary between 2.5 and 3 h after low water, but this is soon destroyed during the flood tide. Consequently only low levels (< 2%) of vertical and lateral stratification are found. h v e r input into the estuary averages 17.4 m3 S-' from the River Conwy and a further 3 m3 S-* from tributaries. As the amount of tidal penetration decreases upstream, there is consequently a longer period of river flow at low water At low tide the estuary drains, almost to the mouth, where stratification begins.
Sampling. The relative number of Eurytemora affinis present in the water column over each tide was determined using portable 'drift' nets (1 m X 1 m aperture size, 0.2 mm mesh), held in a square steel frame. Two nets were arranged, one facing downstream (seaward) the other upstream. Preliminary trials showed little or no loss of copepods from the downstream facing net after being left in place during the ebb tide. Consequently the nets were placed at the water's edge at low water and emptied on the following low tide. These nets were used to investigate both the tidal abundances of Eurytemora affinis at 3 sites along the estuary (A), and semi-lunar differences in abundance at a fixed site (B).
(A) Sampling along the estuary took place at Sites I,
I1
and 111 (Fig. 1 ) on a total of 9 separate occasions between May 1988 and January 1989, at times of spring tides of increasing amplitude.
(B) Abundance in the water column over the semilunar cycle was determined over each tide at Site 1 from 25 February, on spring tides of decreasing amplitude, to 9 March 1989, when spring tides were again increasing in amplitude. The 'drift' nets were placed slightly above mean low water level, emptied on each low tide and then reset before the following flood tide. This provided samples over 24 consecutive tidal cycles.
To measure the distribution of copepods throughout the water column, 2 further groups of 3 nets were used, each of 20 X 20 cm aperture and 0.2 mm mesh. These were lowered into the water column a t Site I11 where the estuary narrows into a U-shaped section and water is always present at the edge, one group at the river edge and the other in mid-channel. The top net of each set was free-running on the anchor rope and attached to a buoy to ensure constant sampling in the upper water layers irrespective of tidal rise and fall, while the other 2 were fixed 0.2 m and 1.2 m from the bottom respectively. These nets were lowered for 15 min every hour from the onset of the daytime flood tide to the end of the following night-time ebb. Sampling was on spring tides when the daytime high tide occurs around midday in North Wales. Tidal amplitudes at Site 111 are ca 3 m on spring tides, with a flood tide duration of about 2 h, an ebb tide duration of about 4 h and a period of low water lasting for around 6 h ; samples collected during these times are therefore presented separately.
Copepods were counted in the laboratory by taking the mean of three 1 m1 subsamples from a well-mixed dilution of the original sample. Owing to the different sampling times and net apertures, samples taken from the nets used in (A) and (B) were obtained from a dilution to 1 1. For the smaller nets a dilution to 100 m1 was subsampled in the same way.
Eurytemora affinis distributions along the length of the estuary were investigated by sampling in midchannel from a small boat over a single diurnal high tide period on a seasonal and springs and neaps basis. Surface samples were taken from each of Stns 1 to 8 (Fig. l ) , using a handnet of 22 X 25 cm aperture and 0.2 mm mesh, towed at a constant speed relative to the current for 10 min in mid-channel. Temperature and salinity were also recorded. Sampling was carried out over high tide on the spring tide of greatest amplitude and the neap tide of smallest amplitude over separate semi-lunar cycles in November 1989 , March 1990 and June 1990 . Abundances are expressed as the estimated total number of copepods calculated from three 1 m1 subsamples. Individuals were not measured, and only ovigerous females, identified by the presence of full egg-sacs, were distinguished from the remainder of the population and counted separately.
When comparing the distribution of copepods along the estuary, the 'Centre of Population' (COP) is used:
where N, = number of individuals at Site i; Si = number of Site i; N = IN,. This gives a hypothetical site number where the maximum number of individuals would be expected. Numbers obtained during the springsneaps-springs sampling period were standardised for the estimated amount of water filtered. The number of copepods caught per tidal cycle was divided by the estimated maximum velocity at this site for the predicted tidal range, multiplied by the sampling time for flood and ebb tides to give the numbers per estimated m3 Analysis of the distribution of copepods throughout the water column was carried out by regarding each position as a discrete depth and applying the model of McCleave et al. (1987) . This procedure, however, is complicated by a lack of data on tidal velocities during sampling, so it was necessary to use the logarithmic velocity profile (Bowden 1983 ) to give estimated velocities for each net, thus compensating for boundary effects.
RESULTS
Over the 8 mo of sampling throughout 1988-1989, there was a consistently greater abundance of Eurytemora affinis at the times of flood tide at Site I, and at the times of ebb tide at Site 111 (Fig. 2) . Although fewer data are available for Site 11, the 2 sets of values obtained show overall abundance to be greatest on the flood tide. Salinities at high tide were consistently greater than 23 %O at Site I and less than I l %O at Site 111. The abundance on each tidal cycle over the semi-lunar sampling period at Site I (Fig. 3) shows maximum numbers on the flood tide during spring tides, whereas over the neap tides there was a change in net abundance to the ebb tide. There were no consistent differences in abundance between day and night-time samples, implying no die1 vertical migration.
The distribution of Eurytemora affinis vertically and laterally throughout the channel was investigated at Site I11 in May 1989 on a spring tide of increasing amplitude. Large numbers were obtained during both I, I1 and 111, 1988-1989. Number of days of sampling at each site: I = 4 , I1 = 2, 111 = 3 the diurnal and nocturnal tidal cycles (Fig. 4 ) . Interestingly, ovigerous females dominated the population, comprising 82 % of the specimens captured. During both day and night-time samples, greatest numbers of individuals, and the highest vertical displacements, were found on flood tides (Fig. 4 ) , corresponding with the upstream migration expected during spring tides. During both tidal cycles low numbers were found during the periods of normal river flow at low water, when the greatest concentrations were usually found in bottom samples. During the diurnal flood tide maximum numbers were found in mid-depth both in the middle and at the edge of the channel, while numbers in top samples were greater than at the bottom. On the daytime ebb tide the distribution was shifted downwards in the water column, more copepods being found in bottom samples than at the top and far fewer being found in the mid-depth samples. Data for the nocturnal tidal cycle also showed a greater concentration of individuals higher in the water column on the flood tide than on the ebb. However, apart from a n increased abundance in top samples during the flood tide, the difference between the tides is less clear-cut than during the day. Testing the observed vertical distributions on each tide against those expected assuming a
Springs
Neaps Springs homogeneous distribution (McCleave et al. 1987) shows highly significant differences (p < 0.005). The same model also shows these vertical distributions throughout the water column to be significantly different between flood and ebb tides and between ebb tides and at low water, p < 0.005 for both day and night samples. There was no evidence on either the nocturnal or diurnal tidal cycles of any appreciable difference in the numbers of E. affinis found between the edge and middle of the channel. The results of the investigation into the horizontal positioning of Euryternora affinis along the estuary on spring and neap tides in November 1989 are illustrated in Fig. 5 . The calculated centres of population for the species, and for ovigerous females, together wlth the estimated temperature and salinity values for these locations calculated from adjacent values, are presented in Table 1 for samples collected in November 1989, March 1990 and June 1990. On each sampling date there were very clearly defined population maxima over 1 or 2 sites and a clear difference between the position of maximum numbers of ovigerous females and that of the rest of the population, as shown in Fig.  5 . The relative position of the ovigerous female maximum, however, varied between sampling dates (Table  1) . Over each semi-lunar period there was also a distinct movement of the population downstream from springs to neap tides.
As well as springs-neaps differences in distribution there were also differences in the position of the population between sampling dates. The whole population tended to occur higher up the estuary on both springs and neaps in March 1990 compared with the distribution in November 1989 and June 1990. This cannot be explained on the basis of increased tidal ranges transporting the population upstream in March, as although the predicted spring tidal range increased from 7.5 m in November to 8.6 m in March, the neap range decreased from 4.2 to 3.1 m. Both spring and neap distributions, however, showed an upstream displacement. Also, in June there was a lower spring tidal range than in November. Behavioural mechanisms promoting retention have been demonstrated in several planktonic estuarine species, from zoeae of the crab Rhithropanopeus harrisii (Cronin 1982) and the copepod Acartia longipatella (Wooldndge & Erasmus 1980) to barnacle nauplii (Bousfield 1955) and oyster larvae (Wood & Hargis 1971 ). Yet, despite a number of observations on the zonation of Eurytemora affinis and the relationship of this to salinity (Cronin et al. 1962 , Jeffries 1962 , Heinle & Flemer 1975 , Roddie et al. 1984 , Soltanpour-Gargari & Wellershaus 1987 , Castel & Veiga 1990 , there has been no viable explanation of its retention strategy, especially in estuaries of the type of hydrodynamic regime found in the Conwy. The only behavioural explanations -of an active anadromous migration (Heckman 1986) Bowers pers. comm.) indicate that, although velocities increase up-estuary, the constant ratio of flood to ebb tide duration and relative tidal velocities over the period of raised water level would not explain this phenomenon. The only remaining explanation is of a difference in the timing of swimming activity, ensuring presence in the water column on either flood or ebb tides, depending upon the position of copepods along the estuary. T h e result of such differences in behavioural activity would be to concentrate individuals between Sites I and 111, in a specific zone of the estuary. Extensive sampling using 8 stations along the lenath of the estuarv showed the recision of this U position maintenance. On each of the 6 sampling occasions there was a discrete region, around 1 or 2 stations, in which the bulk of the population was found.
Comparing the position of the population maximum on spring and neap tides shows considerable semilunar variation; on spring tides the population was always higher up the estuary than on the adjacent neap tldes. This difference in positioning corresponds with the differences in tidal swimming activity found when sampling at a constant station (Site I) over the semilunar cycle. On spring tides of increasing amplitude maximum numbers were found on the flood tide, while over spring tides of decreasing amplitude and neap tides, maximum numbers were found on ebbing tides. There is considerable tidal influence at Site I, with a neap tidal range greater than 3 m (Hunter & Lailey 1980) , and the flood to ebb water velocity ratio is constant over the springsheaps cycle (D. Bowers pers. comm.). Therefore the biological differences observed over the semi-lunar cycle at that site again cannot be Table 1 . Euryfemora affinis. Centres of population (COP, see text for procedure) for springs and neaps calculated from the data in due solely to differences in water flow characteristics. This implies a semi-lunar modulation of tidal swimming activity resulting in the observed differences in distribution along the estuary. The means by which the copepods effect horizontal movements in the estuary seems to be by a process of tidally-timed vertical migrations. They were found consistently higher in the water column when flow was upestuary on spring tides of increasing amplitude, and appeared to sink when the tide turned. The differences in vertical distributions between day and night tides are presumed to be due to differences in the time of sampling relative to the time of high tide. As water velocity increases logarithmically with distance from the river-bed, upward movements will increase the distance transported, while sinking to the bottom would remove copepods from the water column and so explain the tidally-related differences in numbers caught in the drift-nets. There was no evidence from the present study of any differences in abundance between the edge and middle of the channel. The suggestion that Eurytemora affinis may migrate laterally to avoid tidal currents (Cronin et al. 1962 , De Pauw 1973 , Roddie et al. 1984 is not therefore supported by present data. Swimming speeds of 2.5 to 5 mm S-' have been recorded in E. affinis (Katona 1973) , which would be sufficient to carry copepods into, and out of, fastermoving upper water layers on a tidal basis.
None of the observations on Eurytemora affinis distributions, tidally, vertically or horizontally, can be explained on the basis of the hydrodynamic features of the estuary. It appears therefore that E. affinis possess a finely tuned behavioural mechanism enabling it to maintain its position within a specific region of an estuary. This raises the question of what cues the copepods use in determining their position relative to this 'preferred' zone. The most obvious and reliable factor is salinity (Cronin et al. 1962 , Jeffries 1962 , De Pauw 1973 , Heinle & Flemer 1975 , Von Vaupel-Klein & Weber 1975 , Knatz 1978 , Collins & Williams 1981 , Soltanpour-Gargari & Wellershaus 1985 . Von VaupelKleln & Weber (1975) found peak survivorship between low salinities and 20%0, and Roddie et al. (1984) between 3 and 10%0. These correspond well with the results reported in the present study, with maximum numbers being found between 0.5 and 11.2 %O. Zonation relative to salinity would also acount for the differences in semi-lunar position; as the tidal amplitudes increase toward springs the salinity will also increase in the estuary. The differences in positioning of the population maxima with respect to salinity shown in Table 1 could be due to an abllity of the copepods to detect only gross salinity levels, leading to a possible time-lag in their ability to change position in synchrony with that of their preferred salinity. Although biotic factors could have an effect in depleting the population of E. affinis at the seaward end of its distribution (Thayer et al. 1974 , Bradley 1975 , Heinle & Flemer 1975 , Van Vaupel-Klein & Weber 1975 , Knatz 1978 , Burkhill & Kendall 1982 , individuals would have to drift downstream into the range of competing or predatory species. This, however, does not appear to occur, and avoidance of competitors or predators by behavioural responses seems unlikely. Also a n upstream movement of the species range in summer, as observed by Cronin et al. (1962 ), Bradley (1975 , Heinle & Flemer (1975) , Heckman (1986) and Caste1 & Viega (1990) was not apparent in this study, the population maximum in June being no further upstream than that in March. Instead the results suggest a zonation directly related to the tidal range and river discharge, and so to salinity, rather than to one additionally affected by temperature.
That a species such a s Eurytemora affinis can maintain such precise distributions in an estuary such as the Conwy, where permanent planktonic populations may not be expected (Ketchum 1954) , underlines the potential efficiency of tidally timed vertical migrations in maintaining horizontal position and implies the presence of circa-tidal endogenous swimming rhythms, demonstrated recently by Hough (1990) . It also seems probable, given the hydrodynamics of the estuary studied, that similar zonation patterns could b e found in other estuarine environments and in other species. This may b e particularly relevant to salt-wedge estuaries where sinking would lead to upstream transport. This may explain the absence of eastern North American populations of Eurytemora (e.g. Jeffries 1962 , Heinle & Flemer 1975 ) from the high salinities in which it occurs in western Europe (De Pauw 1973 , Collins & Williams 1982 . Previously published reports of 'estuarine retention' may therefore require more detailed evaluation.
